Twin Research and Human Genetics Volume 11 Number 1 pp. 84-92 P revious studies have described the relationships between cervical column morphology and craniofacial morphology. The aims of the present study were to describe cervical column morphology in 38 pairs of adult monozygotic (MZ) twins, and compare craniofacial morphology in twins with fusions with craniofacial morphology in twins without fusion. Visual assessment of cervical column morphology and cephalometric measurements of craniofacial morphology were performed on profile radiographs. In the cervical column, fusion between corpora of the second and third vertebrae was registered as fusion. In the twin group, 8 twin pairs had fusion of the cervical column in both individuals within the pair (subgroup A), 25 pairs had no fusions (subgroup B), and in 5 pairs, cervical column morphology was different within the pair (subgroup C), as one twin had fusion and the other did not. Comparison of craniofacial profiles showed a tendency to increased jaw retrognathia, larger cranial base angle, and larger mandibular inclination in subgroup A than in subgroup B. The same tendency was observed within subgroup C between the individual twins with fusion compared with those without fusion. These results confirm that cervical fusions and craniofacial morphology may be interrelated in twins when analysed on profile radiographs. The study also documents that differences in cervical column morphology can occur in individuals within a pair of MZ twins. It illustrates that differences in craniofacial morphology between individuals within a pair of MZ twins can be associated with cervical fusion.
Recently it has been reported that fusions of the upper cervical vertebrae occur in healthy subjects as well as in pathological cases. It has been found that in healthy subjects with normal craniofacial morphology and neutral occlusion, fusions between the second cervical vertebra, C2, and the third cervical vertebra, C3, occur in 14.3 per cent (Sonnesen et al., 2007) . Therefore, fusions of the upper cervical column within that range are considered normal. Still, other previous studies have found an association between malformations of the upper cervical vertebrae and patients with cleft lip and/or palate (Horswell, 1991; Sandham, 1986; Ugar & Semb, 2001) . Furthermore, an association has been found between malformation of the upper cervical vertebrae, not only in patients with condylar hypoplasia (Sonnesen et al., 2007) , but also in patients with extreme skeletal deep bite (Sonnesen & Kjaer, 2007a) , and extreme skeletal mandibular overjet (Sonnesen & Kjaer, 2007b) . The prevalence and the pattern of malformation of the upper cervical vertebrae in these cases were different from the prevalence and pattern found in healthy subjects with normal craniofacial morphology and neutral occlusion. This indicates that morphological deviations of the upper cervical vertebrae are associated with malformation of the jaw, craniofacial morphology, and occlusion.
In a previous study, an association was found between posture of the head and neck, and fusions of the upper cervical vertebrae (Sonnesen et al., 2007) . Furthermore, previous studies have also found an association between the development of craniofacial morphology and posture of the head and neck (Hellsing et al., 1987; Huggare, 1987; Huggare, 1991; Kylämarkula & Huggare, 1985; Marcotte, 1981; Sandikcioglu et al., 1994; Solow & Tallgren, 1976; Solow et al., 1984; Solow & Siersbaek-Nielsen, 1986; Solow & Siersbaek-Nielsen, 1992; Sonnesen et al., 2001) . It is possible that fusions of the upper cervical vertebrae influence the posture of the head and neck, and thereby the development of craniofacial morphology and occlusion.
Previous studies have focused on the possibility of a genetic component in the development of craniofacial morphology and occlusion. In skeletal class III malocclusion it is known that there is a significant genetic component, and it has been observed for many years that mandibular prognathia is hereditary (Bui et al., 2006) . In general though, the extent of the genetic contribution to variation in craniofacial development is still unclear. In order to try to clarify the genetic mapping of the development of craniofacial morphology, twins have been used
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Cervical Column, Craniofacial Morphology, Monozygotic Twins (Keusch et al., 1991; Lobb, 1987; Peng et al., 2005; Sorin et al., 1991; Townsend et al., 2006) . In these studies, a genetic association has been demonstrated in craniofacial morphology of monozygotic (MZ) twins within a pair. Still, other twin studies have found a difference in craniofacial morphology between the individuals in a twin pair -for example, in cleft lip and palate patients (Chatzistavrou et al., 2004; Cronin & Hunter, 1980; Keusch et al., 1991; Laatikainen, 1999; Trotman et al., 1993) . Accordingly, it is relevant to focus on the prevalence and location of fusions of the cervical column, the associations between the morphology of the cervical column, and craniofacial morphology in adult MZ twins. Also, the discussion of similarities and dissimilarities within and between twin pairs are of importance for understanding the relationship between the morphology of the cervical column and the craniofacial profile. To our knowledge, no studies have so far been performed on cervical column morphology in MZ twins.
The aims of the present study were: (1) to describe the morphology of the cervical column in adult MZ twins, focusing on subgrouping the individuals according to occurrence of fusion between C2 and C3; and (2) to compare craniofacial morphology in a group of adult MZ twins with fusions with craniofacial morphology in twins without fusion.
Subjects
Craniofacial profiles from 38 MZ twins were included in the study. The twin group consisted of 21 females aged 18 to 23 years (mean age 21.1) and 17 males aged 18 to 23 years (mean age 20.2). The diagnosis of monozygosity was made using the method of the Danish Twin Register (Hauge, 1981) . Tests by similarity scheme, determination of three blood types (ABO, Rhesus, MNS), and a test of HLA (humans lymphocyte antigen), were also employed to assure monozygosity. The accuracy of the diagnosis of monozygosity was calculated to be 99.65 per cent. The twins had neutral occlusion or minor malocclusion, not requiring orthodontic treatment. The sample used has previously been described by Grymer et al. (1991) . Twins are designated within the twin pair as either T1 or T2.
Method
The profile radiographs were taken in a cephalosta, with a film-to-focus distance of 180 cm, and a film-tomedian plane distance of 10 cm. No correction was made for the constant linear enlargement of 5.6 per cent (Grymer et al., 1991) .
On each profile radiograph, the cervical column and the craniofacial profiles were described.
Subgrouping of Material According to Vertebral Column
The visual assessment of the cervical column consisted of the first five cervical vertebral units that are normally seen on a standardized lateral skull radiograph. Characteristics of the cervical column were classified according to Sandham (1986) and divided into two categories: 'Posterior arch deficiency' and 'Fusion anomalies'. Posterior arch deficiency consisted of partial cleft and dehiscence. Fusion anomalies consisted of fusion, block fusion, and occipitalization. Only fusion anomalies of fusion between corpora of the second (C2) and third vertebrae (C3) were found in the 38 MZ twin pairs. Accordingly, the 38 pairs were divided into three groups. • Subgroup A: twin pairs where both twins had fusions in the cervical column
• Subgroup B: twin pairs where neither twin had fusions in the cervical column.
• Subgroup C: twin pairs in which only one twin had fusion.
Craniofacial Dimensions
On each profile radiograph ten variables representing the cranial base angle, the vertical craniofacial dimensions, and the sagittal craniofacial dimensions were calculated (Table 1, Figure 1 ). In twin pairs with different cervical column morphology within the twin pair (subgroup C), the profile radiographs were superimposed on the stable structures in the anterior cranial base by the method previously used by Björk (1947 Björk ( , 1975 and traced accordingly.
Reliability
The reliability of the visual assessment of morphological characteristics of the cervical vertebral units was determined by inter-observer examinations between the authors. The inter-observer examinations showed 'very good' agreement (K = .82) as assessed by the kappa coefficient (Cohen, 1960) .
The reliability of the variables describing the cranial base and vertical craniofacial dimensions was assessed by remeasurement of 20 lateral radiographs, selected at random from the previously recorded radiographs. The radiographs were digitized again after two weeks, and the differences between the two sets of recordings were calculated. No significant differences between the two sets of recordings were found. The method errors ranged from .09 to .69 degrees (Dahlberg, 1940) , and the reliability coefficients from .99 to 1.00 (Houston, 1983) .
Statistical Methods
The normality of the distributions was assessed by parameters of skewness and kurtosis, and by ShapiroWilks W-test. The cephalometric measurements were normally distributed. Differences in means of craniofacial dimensions between groups, and between subjects with and without fusions of the cervical column, were assessed by unpaired t-test. Differences within the groups were assessed by paired t test. The results from these tests were considered to be significant at p values below .05. Statistical analyses were performed using Statistical Package for Social Sciences, version 13.00 (SPSS, Inc., Chicago, Illinois, USA).
Results

Subgrouping According to Fusion of the Cervical Column
Of the total twin group, eight pairs (21%) had fusion of the cervical column in both individuals within the twin pair (subgroup A), 25 pairs (66%) had no fusions (subgroup B), and in five pairs (13%) the cervical column morphology was different within the pair (subgroup C). In each twin pair in subgroup C, one twin had fusion and the other had no fusion.
Craniofacial Morphology in and Between the Subgroups
The differences in craniofacial profiles between T1 and T2 within the twin pair with fusion (subgroup A) were not statistically significant. The differences in craniofacial profiles between T1 and T2 within the twin pair without fusion (subgroup B) were also not statistically significant (Table 1) . Therefore, cephalometric values from T1 and T2 were added in subgroup A, and the combined values considered representative for craniofacial profiles in subgroup A. In subgroup B, the cephalometric values were likewise added, and the combined values considered representative of the group craniofacial profile. Comparison between subgroup A and subgroup B was then performed (Table 2 ).
Figure 1
Cephalometric reference points and lines according to Solow and Tallgren (1976) . Craniofacial profiles of subgroup A showed a tendency to retrognathia, of the jaw (s-n-ss, s-n-pg), larger cranial base angle (n-s-ba), and larger mandibular and maxillar inclination (NSL-ML, NSL-NL), when compared with subgroup B (Table 2 ). The same tendency was observed in the 5 twin pairs in subgroup C. When the 5 individual twins with fusion were compared with the 5 individual twins without fusion, those with fusion showed a tendency to retrognathia, of the jaws (s-n-ss, s-n-pg), larger cranial base angle (n-s-ba), and larger mandibular and maxillary inclination (NSL-ML, NSL-NL), when compared with those without fusion (Table 3, Figures 2-6 ). Statistically, these tendencies to differ in craniofacial profile were not significant.
Discussion
The aims of this study were to describe the morphology of the cervical column in adult MZ twins, focusing on subgrouping the individuals according to the occurrence of fusion, and to compare craniofacial morphology in a group of adult MZ twins with fusions with craniofacial morphology in twins without fusion. Analyses of the cervical column and comparison of the findings to the craniofacial profile in adult MZ twins have not previously been described in the literature.
Morphology of the Cervical Column
In this study, when compared with a singleton group with neutral occlusion, the prevalence and location of cervical vertebral body fusions was approximately the same in MZ twins where both twins had neutral occlusion with fusion of the cervical column (Sonnesen et al., 2007) . In both groups, the cervical vertebral body fusions always occurred between the corpora of the second (C2) and third vertebrae (C3), and the prevalence ranged between 14% to 20%. This finding confirms that it is considered normal to have fusions between C2 and C3 within the range of 14% to 20%, and accordingly, the present twin data increases the normal data available for future investigations, and strengthens previous studies. Furthermore, it can be concluded that MZ twins with neutral occlusion, or minor malocclusion, do not have significantly more fusions compared with singletons with neutral occlusion (Sonnesen et al., 2007) . Still, previous studies of groups with severe skeletal malocclusions in patients with extreme skeletal deep bite (Sonnesen & Kjaer, 2007a) and extreme skeletal mandibular overjet (Sonnesen & Kjaer, 2007b) showed that the prevalence of cervical body fusion was higher, ranging from 42% to 61%.
In the present study, five twin pairs were found to have differences in cervical column morphology within the pair. In each case, one twin in the pair had fusion of the cervical column and the other twin did not. This finding documents that differences in cervical column morphology can occur in individuals within a pair of genetically MZ twins.
Craniofacial Dimensions
Even though the association between cervical column morphology and craniofacial morphology was not statistically significant in the present study, the same tendency was illustrated systematically in all the subgroups. Most interesting is the finding that, in twin pairs where the twins each have different cervical column morphology, there is a tendency to retrognathia of the jaws, a larger cranial base angle, and a larger inclination of the mandible and maxilla, in the 
Figures 2-6
Drawings of structures observed on profile radiographs from five twin pairs. Within each of the five pairs one twin had fusion (dotted line) and the other had no fusion (solid line). The drawings demonstrate differences in craniofacial morphology between the individual twins within the pairs. Radiographs were superimposed on the stable structures in the anterior cranial base.
Note: 1: Fusion of the second and third cervical vertebrae on profile radiographs.
---Tracing of the twin with fusion of the cervical vertebrae ____Tracing of the twin without fusion of the cervical vertebrae twin with fusion of the cervical column compared with the twin without fusion. This pattern of skeletal differences in craniofacial profile in individuals with minor malocclusions is the same pattern found in previous studies on associations between the morphology of the cervical column and craniofacial morphology in patients with severe skeletal malocclusion and craniofacial morphology (Sonnesen & Kjaer 2007a; 2007b) . It is expected, and logical, that the deviations are less in minor malocclusions than in severe malocclusions, but it is interesting that the pattern of deviation in the two types of malocclusion is the same. The twin sample has provided a unique opportunity to study associations between fusion of the cervical column and craniofacial morphology on genetically MZ subjects. An explanation for the association between retrognathia of the jaws and fusions of the cervical vertebral bodies may be found in the signalling from the notochord to the neural crest cells determined for craniofacial morphology before the notochord is surrounded by bone tissue (vertebral bodies) and disappears (Kjaer et al., 1994; Kjaer, 1995; Kjaer & Fischer-Hansen, 1995; Kjaer, 1998; Müller & O'Rahilly, 1980; Nolting et al., 1998; Sadler, 2005) . The jaws develop from tissue that derives from the neural crest. In the first branchial arch, the neural crest cells migrate from the neural crest towards the mandible, followed by the cells to the maxilla, and lastly by the cells to the nasofrontal region (Kjaer, 1998) . How the migration of the neural crest cells is influenced by signals from the notochord is still unclear. The genetic signalling during early embryogenesis between the notochord, paraaxial mesoderm, the neural tube, and the neural crest may explain the association between retrognathia of the craniofacial structures and the cervical vertebrae.
In the present study, as in previous MZ twin studies (Chatzistavrou et al., 2004; Cronin & Hunter, 1980; Keusch et al., 1991; Laatikainen, 1999; Trotman et al., 1993 ) , twins within the twin pair did have individual differences in craniofacial morphology, even though their genotype was MZ. Whether the differences within the MZ twin pairs here were caused by mutations, environmental factors, or by coincidences, can be questioned. It is possible that fusions of the cervical vertebral bodies influence the posture of the head and neck, and thereby the development of craniofacial morphology. A previous study found an association between the inclination of the cervical column and fusions of the cervical vertebral bodies (Sonnesen et al., 2007) . Furthermore, other previous studies have found an association between the development of craniofacial morphology and posture of the head and neck (Hellsing et al., 1987; Huggare, 1987; Huggare, 1991; Kylämarkula & Huggare, 1985; Marcotte, 1981; Sandikcioglu et al., 1994; Solow & Tallgren, 1976; Solow et al., 1984; Solow & Siersbaek-Nielsen, 1986; Solow & Siersbaek-Nielsen, 1992; Sonnesen et al., 2001) . The findings in the present study illustrate that differences in craniofacial morphology between individuals within a pair of MZ twins can be associated with deviations in the cervical column.
Conclusions
In the twin group, eight twin pairs had fusion of the cervical column in both individuals within the pair (subgroup A), 25 pairs had no fusions (subgroup B), and in five pairs the cervical column morphology was different within the pair (subgroup C), as one twin had fusion and the other did not. Craniofacial profiles in subgroup A compared with subgroup B showed a tendency to retrognathia of the jaws, larger cranial base angle, and larger mandibular and maxillary inclination. The same tendency was observed within subgroup C between the individual twins with fusion compared with those without fusion.
These results confirm that cervical fusions and craniofacial morphology may be interrelated in twins when analysed on craniofacial profile radiographs. The study also documents that differences in cervical column morphology can occur in individuals within a pair of MZ twins. It illustrates that differences in craniofacial morphology between individuals within a pair of MZ twins can be associated with deviations in the cervical column.
